Aim: To investigate the mechanism underlying the increase of hepatoma cell proliferation by hepatitis B virus X protein (HBx). Methods: HepG2, H7402 and HepG2.2.15 cells, which constitutively replicated hepatitis B virus were used. The effects of HBx on hepatoma cell proliferation were examined using 5-ethynyl-2-deoxyuridine (EdU) incorporation assay and MTT assay. The expression level of MEKK2 was measured using RT-PCR, Western blot and luciferase reporter gene assay. The activity of activator protein 1 (AP-1) was detected using luciferase reporter gene assay. The phosphorylation levels of JNK and c-Jun were measured using Western blot. The expression levels of HBx and MEKK2 in 11 clinical hepatocellular carcinoma (HCC) tissues were measured using real time PCR and Western blot. In addition, the expression of MEKK2 in 95 clinical HCC tissues was examined using immunohistochemistry. Results: HBx significantly enhanced HepG2-X cell proliferation. In HepG2-X, H7402-X and HepG2.2.15 cells, the expression level of MEKK2 was remarkably increased. In HepG2.2.15 cells, HBx was found to activate JNK and AP-1, which were the downstream effectors of MEKK2 in HepG2-X and HepG2.2.15 cells. In 11 clinical HCC tissues, both HBx and MEKK2 expression levels were remarkably increased, as compared to those in the corresponding peritumor tissues. In 95 clinical HCC tissues, the rate of detection of MEKK2 was 85.3%. Conclusion: HBx promotes hepatoma cell proliferation via upregulating MEKK2, which may be involved in hepatocarcinogenesis.
Introduction
Infection with the hepatitis B virus (HBV) is a major cause of acute hepatitis, fulminant hepatitis, and chronic hepatitis. Chronic infection is closely associated with the development of liver cirrhosis and hepatocellular carcinoma (HCC) [1, 2] . The HBV X protein (HBx) is involved in the pathogenesis of HBV-associated liver diseases by affecting gene expression, apoptosis, cell cycle and cell proliferation [3] [4] [5] . The expression of HBx induced the transformation of human liver cells and caused the development of hepatocellular carcinoma in certain strains of transgenic mice [6, 7] . In addition, HBx is involved in many cell signaling transduction pathways, such as the mitogen-activated protein kinase (MAPK), c-jun N-terminal kinase (JNK), phosphatidylinositol 3-kinase (PI 3-kinase), and JAK/STAT pathways [8] [9] [10] [11] . Our laboratory has focused on the investigation of HBx-mediated hepatocarcinogenesis. Our findings show that arachidonic acid metabolism, extracellular signal-related kinases (ERK1/2), sterol regulatory element binding protein 1c, 5-lipoxygenase and fatty acid synthase are involved in HBx-induced cell proliferation [5, 12, 13] . However, the underlying mechanisms that mediate the effects of HBx on cell proliferation require further investigation.
MAPK family members consist of at least four groups, including ERK1/2, JNK1/2/3, p38 proteins (p38a/b/c/ d), and ERK3/5/7 [14] . In response to different external stimuli, these MAPKs are activated via a module that uses a MAPKKK-MAPKK-MAPK pathway. Mitogen-activated protein kinase kinase kinase 2 (MEKK2), which is a member of the MAPK signaling pathway, activates JNK and ERK5 [15, 16] . MEKK2 knockout mouse studies have identified important functions for MEKK2 in the T-cell receptor, epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF-2) signaling pathways [15, 17, 18] . MEKK2 is involved in osteoblast activity, bone homeostasis and rheumatoid arthritis [19, 20] . HBx activates AP-1 through ERK and JNK does so through MEKK1 [21] . Although MEKK2 and MEKK1 are from the same mitogen-activated protein kinase kinase kinase (MAP3K) family, MEKK2, Hepatitis B virus X protein promotes hepatoma cell proliferation via upregulation of MEKK2 [22] . Conversely, MEKK2, but not MEKK1, is required for mast cell tyrosine kinase receptor signaling [23] . Moreover, a recent study orthogonally confirmed the ability of MEKK2 to discriminate tumor cells from normal cells [24] . However, there are no data investigating the role of MEKK2 in HBx-mediated hepatocarcinogenesis. Therefore, we are interested in the role of MEKK2 in HBx-induced growth of hepatoma cells.
In the current study, we investigated the mechanism of increased cell proliferation, which is promoted by HBx. Our results show that HBx enhances the growth of hepatoma cells through upregulation of MEKK2. Our findings provide new insights into the mechanism that is employed by HBx to promote the proliferation of hepatoma cells.
Materials and methods

Cell culture
The cells of HepG2, H7402, and HepG2.2.15, which constitutively replicated HBV [12] , were maintained in Dulbecco's modified Eagle's medium (Life Technologies, Inc, Gaithersburg, MD, USA) supplemented with 10% fetal calf serum (Life Technologies). Cultures were incubated at 37 °C in a humidified atmosphere with 5% CO 2 . The engineered cells of HepG2-X/H7402-X (stably transfected with the pCMV-HBx plasmid), and HepG2-P/H7402-P (stably transfected with the empty pcDNA3.0 vector plasmid) were generated in HepG2 and H7402 cells, respectively, using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol, as previously described [12] .
Cell proliferation assay HepG2 cells were seeded onto 96 well plates (1000 cells/well) for 24 h before transfection. MTT assays were used to assess cell proliferation every day from the first day until the fifth day after transfection. The MTT assay was performed as follows: 20 μL of MTT (5 mg/mL) was added to each well and the plates were incubated at 37 °C for 4 h. The MTT medium mixture was then removed and 150 μL of dimethyl sulfoxide (DMSO) was added to each well. The absorbance was measured at 570 nm using a multiwell spectrophotometer. The 5-ethynyl-2-deoxyuridine (EdU) incorporation assay was performed using the Cell-Light EdU imaging detecting kit according to the manufacturer's instructions (RiboBio, Guangzhou, China). EdU is a thymidine analog that is used in a similar manner as BrdU to label cells undergoing DNA replication [25] .
RNA extraction, reverse transcription PCR and real time PCR analysis Total cellular RNA was extracted using the Trizol reagent (Invitrogen) from cells 48 h after treatment. cDNA was synthesized using the M-MLV RTase cDNA Synthesis Kit (TaKaRa Bio, Dalian, China) according to the manufacturer's protocol. To examine the expression of MEKK2 and HBx, we used specific primers for each gene as follows: MEKK2 gene (forward primer, 5′-TTTCCTCAAACGGATTT-3′ and reverse primer, 5′-TGTCTTCCCATCGTCA-3′) and HBx gene (forward primer, 5′-ATGGCTGCTAGGGTGTGCTG-3′ and reverse primer, 5′-CTAGGCAGAGGTGAAAAAGTTGC-3′). As a control, GAPDH was amplified using specific primers (forward, 5′-CATCACCATCTTCCAGGAGCG-3′ and reverse, 5′-TGAC-CTTGCCCACAGCCTTG-3′). Real-time PCR was performed using double-stranded DNA specific SYBR Green (TaKaRa Bio) and a Bio-Rad sequence detection system according to the manufacturer's instructions. Relative expression was determined by the comparative Ct method using 2 -ΔΔ Ct [26] .
Western blot analysis Cells were washed in PBS, and cellular proteins were extracted in RIPA buffer (Biomed, Beijing, China) for 30 min at 4 °C. Lysates were cleared by centrifugation, and proteins were separated by gel electrophoresis. For tissue protein extraction, frozen tissues were quickly ground into a fine powder using a mortar and pestle under liquid nitrogen and prepared for Western blot analysis as described above. Membranes were blocked in PBS containing 0.1% Tween20 (PBS-T) and 5% (w/v) milk for 1 h at room temperature. Membranes were then incubated with primary antibodies diluted in PBS-T for 2 h at room temperature. Subsequently, membranes were washed with PBS-T and incubated with peroxidaseconjugated secondary antibody that was diluted in PBS-T at room temperature for 1 h. Membranes were washed in PBS-T and bound antibody was detected using the enhanced chemiluminescence system ECL-plus Reagents (Amersham Biosciences, Buckinghamshire, UK). After 48 h of transfection, Western blot analysis was performed as described above. The primary antibodies were mouse anti-MEKK2 (Santa Cruz, CA, USA), anti-HBx (Abcam, Cambridge, UK), antidiphosphorylated JNK (Sigma, St Louis, MO, USA), anti-JNK (Sigma), anti-phosphorylated c-Jun (Cell signaling, Danvers, MA, USA) and mouse anti-β-actin (Sigma).
RNA interference pSilencer-HBx (pSi-HBx) was used to produce small interfering RNAs (siRNAs) to target HBx mRNA, and pSilencercontrol (pSi-con) was used as a negative control [27, 28] . siRNA duplexes targeting human MEKK2 were synthesized and purified by RiboBio (Guangzhou, China) [29] . siRNA duplexes containing non-specific sequences were used as a negative control (NC). Different siRNAs were transfected separately into cells using the Lipofectamine 2000 (Invitrogen) reagent, and the medium was replaced 6 h after transfection.
Construction of the human MEKK2 promoter
To generate a clone of the MEKK2 promoter in a pGL3 basic vector (Promega, Madison, WI, USA), a ~1800-bp region of the putative promoter (from +83 to -1814 nt) was amplified from HepG2 genomic DNA by PCR using specific primers (forward primer, 5′-CCGCTCGAGCTGTAGTCCCATCTACTCGG-3′ and reverse primer, 5′-CCCAAGCTTTTAGTTTGAACTCAC-CCATT-3′ and was cloned into the pGL3-basic vector. Luciferase reporter gene assay Transfected cells were harvested after 36 h. Luciferase activity was determined using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The firefly luciferase activity was normalized to Renilla luciferase expression for each sample. All experiments were performed at least three times. pAP1-Luc (Clontech, Plano Alto, CA, USA) is a firefly luciferase reporter gene vector that contains AP-1 binding sites.
Patient samples
The 11 clinical HBV-positive HCC tissues and their corresponding nearby noncancerous livers that were used in this study were obtained from patients who underwent radical resection at Tianjin First Center Hospital (Tianjin, China). All of the tumor samples were immediately frozen after surgical resection and stored in liquid nitrogen until analysis. Written consent, which approved the use of their tissues for research purposes after the operation, was obtained from the patients. The study was approved by the Institute Research Ethics Committee at the Nankai University.
Immunohistochemistry
The hepatocellular carcinoma tissue microarrays were obtained from the Xi-an Aomei Biotechnology Co, Ltd (Xi-an, China). These microarrays were composed of 95 hepatocellular carcinoma (HCC) tissue samples (18 females, 77 males, average age 61 years), which included duplicate core biopsies (1 mm in diameter) from fixed, paraffin-embedded tumors. The immunohistochemical staining of samples was performed as previously reported [27] . The primary antibody of mouse anti-MEKK2 was used (1:50, Abcam). Immunostained slides were evaluated under the microscope. The percentage of cells showing positive nuclear and/or cytoplasmic staining for MEKK2 was calculated by reviewing the entire slide. Based on the percentage of cells with positive nuclear and/or cytoplasmic staining, staining patterns were classified using a six-grade scale as follows: 0, the absence of cell nuclear and/ or cytoplasmic staining; 1+, <10% cells with positive nuclear and/or cytoplasmic staining; 2+, 10%-25% positive cells; 3+, 26%-50% positive cells; 4+, 51%-75% positive cells; 5+, >75% positive cells. For statistical analysis, HCC patients were subgrouped into MEKK2-negative staining (scale 0) and MEKK2 positive-staining (scale 1-5) groups. The categorization of immunostaining intensity was performed by three independent observers. The negative control, which lacked incubation with the primary antibody, was treated as described above.
Statistical analysis
All data were expressed as the mean±SD. Statistical analysis was performed using student's t test. P<0.05 was indicated to be statistically significant.
Results
HBx enhances the proliferation of hepatoma cells Previously, we established two engineered cell lines, namely HepG2-X, which was stably transfected with HBx, and HepG2-P, which was stably transfected with an empty pcD-NA3.0 vector [13] . We examined the growth of HepG2-X cells using the EdU incorporation assay and MTT assay. The results showed that HepG2-X cells grew faster than HepG2-P or HepG2 cells ( Figures 1A and 1B) . In addition, RNA interference (RNAi) targeting HBx mRNA abolished HBx-induced growth of HepG2 cells. Therefore, the results confirm that HBx enhances the proliferation of hepatoma cells.
HBx upregulates the expression of MEKK2
Previously, we showed using cDNA microarrays that a broad range of genes show aberrant expression in hepatoma cells that overexpress HBx, the results of which included MEKK2 
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Acta Pharmacologica Sinica npg upregulation [30] . To investigate whether MEKK2 is involved in the HBx-mediated growth of hepatoma cells, we further confirmed the effect of HBx on expression of MEKK2. The results show that MEKK2 is significantly upregulated in HepG2-X (or H7402-X) cells at the levels of mRNA and protein, as assessed by RT-PCR and immunoblot analysis (Figure 2A) . Meanwhile, we examined the changes of MEKK2 expression after RNA-mediated knockdown of the HBx expression. As expected, the expression level of MEKK2 was decreased in a dose-dependent manner (Figure 2A) . Moreover, Western blot analysis showed that MEKK2 was upregulated in HepG2.2.15 cells compared with HepG2 cells (Figure 2B) . To investigate the effect of HBx on the promoter activity of MEKK2, we generated a MEKK2 promoter luciferase reporter, which was termed pGL3-MEKK2 pro. Additionally, transient transfection was performed in HepG2 and H7402 cells using the pGL3-MEKK2 promoter plasmid. The promoter activity of MEKK2 was examined in HepG2/H7402 cell lines using luciferase reporter gene assays. The data confirmed the successful construction of the plasmid ( Figure 2C ). The promoter activity of MEKK2 was remarkably enhanced in HepG2-X/ H7402-X cells relative to that in HepG2/H7402 cells ( Figure  2D ). Meanwhile, the luciferase reporter gene assay showed that HBx RNAi abolished the enhancement of MEKK2 promoter activity in HepG2-X/H7402-X/HepG2.2.15 cells in a dose-dependent manner ( Figure 2E ).
It has been reported that MEKK2 is involved in the activation of AP-1 and JNK [15, 16, 19] . To further confirm the HBxmediated regulation of MEKK2, we examined the downstream effectors of MEKK2, such as AP-1 and JNK, in HepG2.2.15 cells. The luciferase report gene assay showed that the activity of AP-1 was decreased in the cells that were treated with HBx RNAi ( Figure 3A) . AP-1 activation is induced in part by the phosphorylation of c-Jun [31] . To further confirm the luciferase report gene assay result, the phosphorylation level of c-Jun was examined. The Western blot analysis showed that the protein level of MEKK2 and the phosphorylation levels of JNK and c-Jun were decreased ( Figure 3B) . We silenced the expression of MEKK2 in HepG2.2.15 cells. The data revealed that the knockdown of MEKK2 reduced the activity of AP-1 ( Figure 3C) . Meanwhile, the phosphorylation levels of JNK and c-Jun were decreased ( Figure 3D ). Therefore, we conclude that HBx upregulates MEKK2.
MEKK2 contributes to HBx-mediated growth of hepatoma cells
The function of MEKK2 in hepatoma cells is unclear. To elucidate the function of MEKK2, we silenced the expression of MEKK2 in HepG2-X cells using specific siRNAs. The cell proliferation was then measured using EdU incorporation assay and MTT assay. Our results demonstrate that the growth of HepG2-X cell was inhibited by MEKK2 siRNAs (Figure 4A and 4B). Similar effects were observed in HepG2.2.15 cells (Figure 4C and 4D) . These results suggest that MEKK2 is involved in HBx-mediated growth of hepatoma cells. 
MEKK2 is overexpressed in clinical HCC tissues
We examined the expression level of MEKK2 in 11 cases of human liver cancer tissues with HBV infection at the mRNA and protein levels using real time PCR and Western blot analysis. Real time PCR analysis revealed that all 11 clinical HCC tissues and their respective peritumor tissues were positive for HBx expression. The expression level of HBx was higher in HCC tissues relative to that in their respective peritumor tissues ( Figure 5A ). The expression level of MEKK2 was also higher in tumor tissues relative to their peritumor tissues ( Figure 5B ). Consistent with the results from real time PCR, Western blot analysis revealed that HBx was upregulated in 8 of 11 cases of HCC tissues, whereas MEKK2 was upregulated in 7 of 11 cases ( Figure 5C ). The clinical data strongly support the conclusion that MEKK2 expression is positively correlated with HBx expression in carcinogenesis. The expression of MEKK2 was assessed using immunohistochemical staining on a tissue microarray that contained 95 cases of HCC tissues. The data showed that the percentage of MEKK2 positivity was 85.3% (81/95 cases) in HCC tissues ( Figure 5D ).
Discussion
HBx is an essential viral protein that is involved in viral pathogenesis and carcinogenesis. HBx strongly enhances the growth of hepatoma cells in a system of stable transfection [5, 12, 13, 32] . In the current study, we further investigated the mechanism that HBx employs to enhance the proliferation of hepatoma cells. Previously, we examined the expression profiles in stably HBx-transfected hepatoma H7402 (H7402-X) cells using cDNA microarrays [30] . We determined that MEKK2 was one of the upregulated genes. Therefore, we further investigated the role of MEKK2 in HBx-mediated hepatocarcinogenesis.
Previous studies have shown that HBx exhibits either apoptotic or proliferative activities in a context-dependent manner [33, 34] . HBx promotes proliferation in stably transfected cells [5, 12, 13, 32] . Therefore, we investigated the HBx-mediated proliferation in a model of stably HBx-transfected hepatoma HepG2-X cells. We confirmed our previous findings that HBx enhances the proliferation of hepatoma cells in our system (Figure 1 ). We demonstrated that HBx upregulated MEKK2 at the mRNA and protein level (Figure 2A and 2B) . The transcriptional regulation that is mediated by the promoter is a key event in the regulation of gene expression. We demonstrated that HBx activated the promoter activity of MEKK2 in hepatoma cells ( Figure 2D ). HBx activates AP-1 via a pathway that is mediated by the activation of ERK and JNK [21, 35] . AP-1 and JNK are downstream effectors of MEKK2 [15, 16, 19] . To further validate that HBx upregulated MEKK2, we examined the activation of AP-1 and JNK by silencing the expression of HBx or MEKK2 in HepG2.2.15 cells. Our results demonstrate that activation of AP-1 and JNK was inhibited in the cells after siRNA treatment (Figure 3 ) and support the conclusion that HBx upregulates MEKK2.
At present, few studies have investigated MEKK2 function, even though MEKK2 is involved in osteoblast activity, bone homeostasis and rheumatoid arthritis [19, 20] . In the current study, we demonstrated the function of MEKK2 in hepatoma cells. Our results show that MEKK2 promotes the growth of hepatoma HepG2-X cells and HepG2.2.15 cells, which was characterized using the EdU incorporation and MTT assays (Figure 4) . These results suggest that MEKK2 is involved in HBx-mediated proliferation in hepatoma cells. Previously, the clinical significance of MEKK2 in hepatoma tissues has not been elucidated. Therefore, we examined the levels of MEKK2 in 11 cases of clinical HBx-positive hepatoma tissues using real time PCR and Western blot analysis ( Figure 5A ). Interestingly, we found that the levels of HBx and MEKK2 expression were higher in tumor tissues compared to that in peritumor tissues ( Figure 5B ). These results suggest that the expression of MEKK2 is positively correlated with HBx expression in carcinogenesis. We are the first to report that the percentage of MEKK2-positive staining is very high (85.3%) in HCC tissues ( Figure 5D ). This result suggests that MEKK2 is potentially involved in hepatocarcinogenesis. In summary, we conclude that HBx upregulates the expression of MEKK2 and that MEKK2 is involved in the promotion of hepatoma cell proliferation, which is mediated by HBx. Our finding suggests that MEKK2 may play important roles in the hepatocarcinogenesis mediated by HBx.
